Abstract-Correction factors are presented for estimating the RF electromagnetic field strength in the compliance assessment of human exposure from an indoor RF radio source in the frequency range from 800 MHz to 3.5 GHz. The correction factors are derived from the increase in the spatial average electric field strength distribution, which is dependent on the building materials. The spatial average electric field strength is calculated using relative complex dielectric constants of building materials. The relative complex dielectric constant is obtained through measurement of the transmission and reflection losses regarding three kinds of building materials.
I. INTRODUCTION
The use of mobile radio has widely proliferated in our daily life. Recent trends in mobile radio show that user traffic comprises not only voice but also Internet access, and the rate of radio packet use is increasing. In addition, recent radio access technologies have enhanced various mobile radio services. For example, High Speed Packet Access (HSPA) enables a high-speed data link in a short range from a base station, which employs an adaptive modulation and scheduling technique [1] . Compact base stations are useful in assuring high-speed radio links in indoor environments. Moreover, ad-hoc mobile radio systems in business offices are enhanced using compact base stations that can be connected to IP networks, and enable seamless radio links between outdoor and indoor environments [2] .
Considering such scenarios, the electromagnetic fields must be evaluated to verify that the base station environment complies with safety guidelines for human exposure to electromagnetic fields [3] . The electric field strength can be calculated using a simple formula, which uses the distance, input, and maximum gain as parameters.
Since compact base stations are commonly mounted on walls or the ceiling in indoor environments, the electric field strength of the base stations depend on the dielectric characteristics of the construction materials. If the base station is mounted on a metal wall, which behaves as a reflector, the electric field strength in that environment would increase.
Notice 300 in Japan or the OET bulletin released by the FCC regarding radio safety describes field strength correction factors for scattering phenomena when the field strength is calculated using simple formulas [3] , [4] . The electric field strength is corrected by multiplying the calculated strength and this correction factor, if the investigated location is in a scattering environment. Consequently, practical information regarding the correction factor is important in assessing the degree of compliance.
Section II describes the dielectric characteristics of building materials, which are identified from measured transmission and reflection coefficients. Section III discusses the increase in the electric field strength depending on the building materials.
II. DIELECTRIC CHARACTERISTICS OF BUILDING MATERIALS
The dielectric characteristics of building materials are estimated from measured transmission and reflection coefficients. Fig. 1 shows the measurement system, which comprises two horn antennas, the framework to support the building material under test, the network analyzer, and an anechoic chamber.
The building material under test is fabricated in a 2.9 m x 1.8 m frame. This size is selected because it simulates the practical structure of the building materials such as a concrete wall including periodically spaced reinforcing steel bars, or a room partition comprising plaster board and a steel structure. 
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Fig . 2 shows examples of the building materials under test, i.e., a concrete board and autoclaved light-weight concrete (ALC) board. The transmission coefficient is obtained from the ratio of the received level at the horn antenna with the building material to that without the building material, which is used as a reference assuming there is no reflection. The reflection coefficient of the building material surface is obtained from the ratio of the received level at the horn antenna with the building material to that with a copper sheet, which is used as a reference plane assuming a perfect reflection case. Time domain signal processing is performed to eliminate the reflection signal from the frame.
The transmission and reflection coefficients are measured with respect to three kinds of building materials, which are commonly used in business offices and residences. Fig. 3 shows examples of the measured results of the concrete enhanced by reinforcing steel bars in the frequency range from 800 MHz to 5 GHz. The transmission loss increases as the frequency increases, while the reflection loss is relatively flat at the measured frequency range.
From the measured transmission and reflection coefficients, the relative complex dielectric constants are calculated in accordance with the transmission line model described in [5] . Table I gives a list of the relative complex dielectric constants at the frequency of 800 MHz, 2 GHz, and 3.5 GHz. The thickness values given in the table are practical for actual building materials. [dB] 
III. SPATIALLY AVERAGED ELECTRIC FIELD

A. Method
The International Commission on Non-Ionizing Radiation Protection (ICNIRP) guideline gives the Specific Absorption Rate (SAR) value for the safe human exposure to an electromagnetic field, as the basic restriction [6] . It also gives the field strengths, referred to as "reference levels," that correspond to the SAR values for the basic restrictions. The reference levels are useful in practical exposure assessment.
The reference levels assume that the human body is exposed to a uniform plane wave. However, the field strength is not uniform in terms of volume occupied by a human body because there are scattering objects in an actual environment. The spatially averaged electric fields yield a more accurate evaluation with respect to human exposure to an electromagnetic field.
This paper selects a 20 point method, which considers 0.1 m spacing in the range from the ground to 2 m in height [3] . Larcheveque et al. discussed the error of the averaging power density versus the number of measuring points [7] . Based on their study, the 20 point method can estimate the error to less than 1 dB.
In this paper, the spatial averaging of the field strength is performed in accordance with the model shown in Fig. 4 . It is assumed that the human body is surrounded by side walls, the 
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ceiling, and the floor, the dipole antenna is located at the distance of /4 from the side walls, and the vertical line for the spatial averaging is at the distance of 0.1 m from the radiation center of the dipole. This model provides the worst case of human exposure, which is analogous to the condition of the maximum gain of the corner reflector antennas. The electric field strength along the vertical line is calculated using the FDTD method. The relative complex dielectric constant and thicknesses of the building materials given in Table I 
where E i is the electric field strength along the vertical line extending 2 m in height. Fig. 5 shows an example of the electric field distribution where the wall is constructed from the ALC board. The electric field strength indoors increases slightly as the frequency increases from 800 MHz to 3.5 GHz, because the reflection coefficient increases slightly as the frequency increases.
B. Results
The increase in the electric field, E, due to the building materials is obtained by comparing the averaged electric field strength in the simulation environment surrounded by the building material to that in free space. Fig. 6 shows the E [dB] versus the building materials. The E of the perfect metal conductor increases from 4 dB to 6.5 dB as the frequency increases from 800 MHz to 3.5 GHz. For the human exposure to an RF electromagnetic field in this frequency range, the wall comprising a perfect metal conductor is the worst case.
For the other materials, the E has the tendency to increase as the frequency increases from 800 MHz to 3.5 GHz, and the maximum E is 3.7 dB at the frequency of 3.5 GHz. 
C. Correction Factor for Exposure Compliance Assessment
A simple radiation model can be used to estimate the field strength for an indoor radio source. The electric field strength, E, is expressed as
where P is the antenna input, G is the maximum antenna gain, d is the distance from the radiation center of the antenna to the investigation point, and K is the correction factor for the scattering objects. In a practical estimation, K can be assumed to equal E as discussed in Sections IIA and IIB. Consequently, if the investigated location is surrounded by concrete boards, K is 2.8 dB in the frequency band of 2 GHz. For the compliance assessment of human exposure to an RF electromagnetic field, the calculation using a simple formula and the correction factor simplifies the estimation in an indoor environment.
IV. CONCLUSION
The transmission and reflection coefficients from 800 MHz to 5 GHz were measured with respect to three kinds of building materials, which are commonly used in business offices and residences. From the measured transmission and reflection coefficients, relative complex dielectric constants were predicted using the transmission line model.
In the indoor radio source environment, the spatial averaging of electric fields was performed using the FDTD method, which includes a relative complex dielectric constant with respect to each building material as the calculation parameter.
The increase in the electric field, E, due to building materials was obtained by comparing the averaged electric field strength in the simulation environment surrounded by the building materials to that in free space. 22S4-1
